A method for the purification of enveloped infectious equine herpesvirus type I (EHV-0 is presented. Virus from cell culture fluids harvested at 48 h post infection was concentrated by sedimentation and partially purified by differential precipitation with ammonium sulphate. The final steps of purification consisted of two cycles of flotation of virus in pre-formed CsC1 density gradients. Yields of infectious virus were about 3o ~ (I8 to 44 ~) of that present in starting material. As judged by electron microscopy, mixed radioisotope labelling, and absence of phosphohydrolase, virus preparations possessed a high degree of purity. Sedimentation of EHV-2 into CsC1 density gradients resulted in low recovery of infectious virus. Flotation of virus in CsC1 gradients, however, was not deleterious to infectivity of viral preparations.
INTRODUCTION
In the light of an increasing pool of evidence linking the herpesviruses with neoplastic diseases of man and lower animals, interest in the structure and composition of this virus group has intensified. It is clear that virus preparations intended for use in structural analyses must meet rigorous criteria for purity; however, as has been noted (Spear & Roizman, 2972; Gentry & Randall, 2973; Vahlne & Blomberg, 1974) , the herpesviruses have proven particularly difficult to purify. With the notable exceptions of herpes simplex virus (HSV; Spear & Roizman, ~972) , and more recently equine herpesvirus type I (EHV-I) (Perdue et al. 2974; Kemp et al. I974) , methods for preparing highly purified infectious herpesvirus apparently have not been reported. In this communication a simple procedure for the purification of infectious EHV-2 is described, and an evaluation of the purity of virus obtained by the procedure is presented. A major advantage of this purification method is the recovery of approx. 3o ~ of the infectious virus present in starting material harvested from infected cultures.
METHODS
Cell culture. Suspension cultures of LM strain mouse fibroblasts were grown at 37 °C in Eagle's suspension culture medium containing twice the usual concentration of vitamins and amino acids and Io ~ calf serum. Eagle's minimal essential medium (MEM) containing 5 ~ calf serum was employed for LM cell monolayer cultures grown in roller bottles (654 cm2).
Virus. The LM cell-adapted Kentucky A strain of EHV-I (Randall & Lawson, I962) was used. Pools of virus were prepared by infecting confluent LM cell roller cultures containing approx. I x Ios cells at a multiplicity of o'I to o'5 p.f.u./cell. After adsorption for 2 h at 37 °C, Ioo ml of MEM containing I ~ calf serum was added per bottle, and the infected cultures were incubated at 37 °C for 4o to 48 h. Virus was harvested by shaking infected cells from the glass, and centrifuging the suspension at 3oog for 15 min. The supernatant fluid which contained 7o to 9 ° ~o of the total infectious virus 0o v to lo s p.f.u./ml) was stored at -2o °C until used for virus purification. Virus infectivity was assayed on LM cell monolayers by an agar overlay plaque method as previously described (Lawrence & Ginsberg, ~967 Ci/mmol) were added to a suspension culture of LM cells in MEM lacking leucine and valine. After incubation for 24 h in suspension, the cells in labelled medium were used to seed roller bottle cultures. These cultures were washed twice and re-fed with MEM containing twice the usual concentration of leucine and valine on 3 successive days prior to infection.
To assay radioactivity, o.t ml samples were dried on filter paper discs and counted in Bray's solution (Bray, I96o) or, when acid-precipitable radioactivity was assayed, the discs were washed with cold 5 ~o trichloroacetic acid (TCA) and cold acetone as described by Bollum 0966) and counted in a liquid scintillation spectrometer.
Biochemiealfractionation and assays. DNA, RNA, and protein were separated according to procedures described by Shatkin (I969). DNA was assayed by the diphenylamine method of Burton 0956) using calf thymus DNA as a standard; RNA was assayed by the orcinol method with d-ribose as a standard (Dische, 1953) , and protein was measured by the method of Lowry et al. 095~) using crystalline bovine serum albumin as a standard.
Purification of virus. Monolayer cultures of LM cells were infected and harvested as described above. Released virus, present in the supernatant culture fluids, was concentrated by centrifuging at 25ooog for 1 h. The sediment was resuspended in PBS and to ml samples were treated 3 times for 2 min at o °C in an ultrasonic disintegrator. Bovine pancreatic DNase ~ and bovine pancreatic RNase each were added to the resulting suspension to a final concentration of Io #g/ml, and incubated at 37 °C for I h. Solid ammonium sulphate was added to the virus suspension to a final concentration of 16 ~ (w/v) and the suspension was left at 4 °C overnight (usually ~4 to ~8 h). The suspension was then centrifuged at 4 °C, 250og for 30 min. To the resulting supernatant fluid, which usually contained more than 90 ~ of the infectious virus, ammonium sulphate was added to bring the total concentration to 5o ~o (w/v), and the suspension was again left at 4 °C overnight. Following centrifugation at I6ooog, the precipitate usually floated to the top of the tubes, and was recovered after aspirating the fluid beneath the pellicle with a syringe and cannula. The concentrations of ammonium sulphate used in these precipitations were pre~ciously selected by adding increasing amounts of the salt to samples of virus suspensions and determining the greatest amount which could be added without causing precipitation of significant amounts (less than ~o ~o) of infectious virus, and then determining the amount necessary to precipitate at least 9o ~ of the virus. The material which precipitated in 5o ~o (wJv) ammonium sulphate was then resuspended in 36 ~ (w/w) CsC1 dissolved in o'I4 M-NaC1, o.o2 M-phosphate buffer, pH 7"2, o.ooI M-EDTA (PBS-EDTA) and a 9 ml pre-formed ~5 to 3 ° % (w/w) CsC1 (in PBS-EDTA) gradient was layered on top of 4 ml of the dense CsCl-virus suspension. After centrifugation in these flotation gradients for 26 to 2o h at I5ooo rev/min in a Spinco SW 4o rotor, the infectious virus was present in a prominent band located slightly above the middle of the tube. The virus was collected with a needle and syringe by puncturing the side of the tube. Virus containing bands obtained from these gradients were pooled, diluted with 36 G (w]v) CsC1, and centrifuged in a second flotation gradient as described above. Occasionally virus was centrifuged in a third flotation gradient. Virus recovered from flotation gradients was stored in CsCI at 4 °C.
Buoyant density determination. The refractive index of fractions from CsC1 gradients
were read in a Bausch and Lombe Abb6 3L refractometer and buoyant densities were determined by the method of Ifft, Voet & Vinograd (i96~) .
Electron microscopy. Samples of virus-containing fractions from CsC1 gradients were applied to carbon coated copper grids after fixation with 1% (w/v) OsO4 or without prior fixation. The grids were washed by inverting and floating on distilled water. Preparations were negatively stained with ~ ~o (w/v) or z 7o (w/v) sodium phosphotungstate, pH 7"o (PT) or with I ~ (w/v) sodium zirconium glycolate, pH 7"1 (NZG). Examination was carried out using an RCA EMU-3H electron microscope at magnifications of 2oooo to 5oooo at 5o kV.
Enzyme assays. Protein kinase activity was assayed by a procedure similar to that used by Randall et al. (I972) . The reaction mixture in a total volume of4oo/d contained 25 #M-tris-HC1, pH 8, 2"5 #M-MgC12, 2" 5/~M-dithiothreitol, I5 #1 ~5 ~o (w]v) Nonidet P4o, 172 pM-ATP-y-3zP, and 5 ° to ~oo#g EHV-I protein. The reaction was incubated at 37 °C for 3o rain after which 4oo #1 (4oo #g) of bovine serum albumin (BSA) and 8oo/~1 of lo ~ TCA were added. After 6o rain at o °C, the precipitates were collected on glass fibre filter discs, washed 6 times with 5 ml of 5 ~ TCA and once with cold acetone. After drying the discs, TCA precipitable 3~p was assayed by scintillation counting.
The assay for phosphohydrolase activity (ATPase) utilized the same reaction mixture as described above for protein kinase. Inorganic phosphate released from ATP-y-32P was assayed in the following way. After addition of carrier BSA and cold TCA to the reaction mixture, the tubes were centrifuged at zooog for 2o min; o.2 ml of 2o ~ (w/v) activated charcoal (Crane & Lipmann, I953) was added to I.o ml of the supernatant fluids, and the suspension was vigorously mixed for 5 min. The suspension was centrifuged at 2oooo g for 3o min, and inorganic 32PO 4 in the supernatant fluid was assayed by liquid scintillation counting.
RESULTS

Purification procedure
An outline of the major steps in the purification of EHV-I and the recovery of infectious virus at each step of a typical purification are shown in Table I . The total yield of infectious virus was 44 Yo. The yield of virus harvested from roller bottle cultures at 48 h post infection was usually 2o to 5o p.f.u./cell, and greater than 7o % of this was free virus which was recovered in clarified culture fluids. Essentially IOO Yo of the infectious virus from culture fluids was recovered after virus was concentrated by sedimentation, dispersed by ultrasonic 2"0 X 101° I00 3"2 X IO 1°* IO0 2"8 X I010 87
x io 1°
44 * Virus recovered after step no. 4 taken as loo %. Recovery after treatment with ~6 % (w/v) ammenium sulphate was consistently higher than in preceding steps of purification.
? Free virus released into medium. ~: Not assayed.
treatment, and freed of a large fraction of non-viral material by I6 % (w/v) ammonium sulphate precipitation. The titre of infectious virus was consistently found to increase following treatment with 16 % (w]v) ammonium sulphate suggesting that virus associated with cell debris was released by exposure to high salt concentration. Recovery of infectious virus after precipitation in 5 ° % (w/v) ammonium sulphate was found to vary between 7o and 9o %. After centrifugation of ammonium sulphate-precipitated virus in a CsC1 flotation gradient, 5o to 6o 9/00 of the virus added to the gradient was recovered in a prominent band located just above the centre of the tube (Fig. I a) , with most of the visible contaminating material located above the virus band. During collection of virus through the side of the tube, care was taken to avoid withdrawing contaminating material from above or below the virus band. As a result the yield of virus was less than the maximum obtainable from the gradients. The virus band which formed in a subsequent flotation gradient was clearly separated from other visible material in the tube (Fig. I b) . Similar visible bands were not present in gradients run on material from uninfected cells which were processed by the same methods used for virus purification. From refractive index measurements the buoyant density of the virus was determined to be 1"273 g/ml, in close agreement with reported values for EHV-I banded in isopycnic CsC1 gradients (Klingeborn & Pertoft, 1972; Borgen & Ludwig, 1974) .
After flotation in CsC1 gradients, approx. 5o % of the virus applied to the gradients was recovered in the prominent virus bands. In contrast, when virus was sedimented into CsC1 gradients, visible bands containing infectious virus were diffuse, and recovery of infectious virus was consistently less than 5 to Io %. This finding suggested that CsC1 itself had no adverse effect on virus infectivity, but that sedimentation into a density gradient inactivated virus infectivity.
Electron microscopy
Electron micrographs of purified EHV-I are shown in Fig. 2 and Fig. 3 . Samples which were not fixed prior to negative staining were found to contain a population of particles which were heterogeneous with respect to staining and outlines of virus envelopes. Essentially all nucleocapsids were enclosed by envelopes which showed varying degrees of distortion. Approximately one-third of the envelopes did not appear to be penetrated by ~ % (w/v) NZG (Fig. 2) . Material which could not be identified as nucleocapsid or envelope was not observed. occasionally observed in virus preparations (Fig. 3 a and b ). Although these particles may have represented non viral material, they were judged to be fragments of virus envelope in view of the following observations: (I) their size and density was much less than would be expected for cell derived membrane vesicles (Steck, Strauss & Wallach, t97o) ; (2) the edges of the particles usually had a spiked appearance closely resembling the spikes visible on virus envelopes (Fig. 3b) ; (3) consistent with the notion that the particles were derived from virus envelopes, the frequency with which they were observed increased with the duration of storage of purified virus in CsC1 at 4 °C.
Radioisotope label studies
The separation of purified virus from host cell material was estimated by adding radioisotope-labelled non-infected cells to unlabelled crude virus prior to purification. Thus, the loss of radioactivity served to indicate removal of cellular material during purification.
The results are presented in was mixed with unlabelled concentrated virus. The infectious virus and radioactivity present at each step of purification were assayed. It may be seen that the degree of purification with respect to radioisotope labelled cellular material was high (greater than 4-2 × 1or-fold) and within the limits of detection of radioactivity, there was no labelled cellular DNA, RNA or protein present in purified virus preparations. However, because only small samples of purified virus (usually o.2 ml.) were counted, it is possible that very low levels of radioactivity in the total sample were not detected, and thus the degree of purification may be somewhat less than was estimated.
The data show that ammonium sulphate precipitation removed some cellular material, but served mainly to concentrate virus without loss of infectivity. Repeated cycles of flotation in CsC1 gradients resulted in effective removal of contaminating material with a loss of about 5o ~ of the infectivity at each cycle. In a number of similar experiments, yields of infectious virus after two flotation gradients varied between I8 and 35 ~, and background levels of radioactivity were usually found. Occasionally low levels of radioactivity were detected after a second flotation gradient. These were reduced to background levels either by an additional flotation gradient, or by pelleting virus by high speed centrifuging. M o r e rigorous tests for the absence of host cell protein contamination of purified virus were carried out by prelabelling uninfected cells with [3H]-amino acids, repeatedly washing the cells to remove unincorporated label, and infecting in the presence of an excesss of unlabelled amino acids. Virus was harvested and purified, and the radioactivity, protein, and infectivity were assayed after each purification step. The results of this type of experiment are presented in Table 3 . The data illustrate that the recovery of infectious virus was 28 whereas only 0.07 % of total protein and 0.00002 % of the aH label were recovered. This repesented a purification factor of 38o-fold with respect to protein, and 7"8 x IoS-fold with respect to radioactive label. The difference in purification factors based on these two parameters may be explained by the fact that unlabelled virus proteins represented a significant fraction of the total protein present in harvested culture fluids. Therefore efficient removal of labelled cellular proteins from unlabelled virus proteins resulted in a large purification factor with respect to the aH label. An increase in the sp. act. of protein between purification step I and 2 (Table 3 ) reflects the removal of unlabelled serum protein present in the medium. Based upon the sp.act, of protein present in cell culture fluids (8ooo ct/min/mg protein and the radioactivity detected in purified virus (2 ct/min]mg virus protein) non viral protein accounted for no more than o.o25 % of the total protein in purified virus. This value probably represents a maximum level of contamination because the low level of residual radioactivity may reflect failure to eliminate [aH]-amino acids totally from intracellular pools by washing procedures prior to infection. Enzyme studies Randall et al. (1972) described an EHV-1 associated protein kinase. In addition they noted a phosphohydrolase (ATPase) activity which could be removed from virus preparations by further purification. In view of these findings purified EHV-1 preparations were assayed for protein kinase activity. The results, shown in Table 4 , indicate that purified EHV-I did possess protein kinase activity as measured by incorporation of 32p into TCAprecipitable material. Phosphohydrolase activity was not detected in purified virus preparations.
DISCUSSION
The herpes viruses have proven difficult to purify, and several of the procedures which have been employed for their purification have resulted either in great losses of infectivity (McCombs, 1969; Robinson & Watson, 1971 ; Spear & Roizman, I972) , or in preparations containing demonstrable levels of contaminating cellular material (Pertoft, 197o; Klingeborn & Pertoft, I972; Spear & Roizman, I972) . Recently, Perdue et aL (I974) and Kemp et al. (1974) described a procedure for purificaton of EHV-1 which resulted in the recovery of intact enveloped virions free of cellular contamination as judged by electron microscopy, by the absence of macromolecules derived from radioisotope-labelled uninfected cells added to virus at the start of purification, and by the absence of detectable phosphohydrolase activity. The procedure, however, was lengthy, and data concerning the yield of infectious virus were not presented. The method for purification of EHV-I presented in'this communication offers both the advantage of simplicity as well as a high level of recovery of infectious virus. Based upon electron microscopic examinations, radioisotope labelling studies, including propagation of virus in prelabelled cells, and assays for phosphohydrolase activity, the virus recovered by the method is free of contaminating cellular proteins and nucleic acids. Parenthetically, failure to observe radioactivity in virions produced in cells prelabelled with amino acids was in agreement with the concept that cellular proteins present prior to infection are not constituents of the virion (Spear & Roizman, 1972 ).
The purification scheme described here utilizes modifications of procedures employed by other investigators. The source of virus for purification was clarified cell culture fluid which, in agreement with Perdue et al. 0974) and Klingeborn & Pertoft (1972) , was found to contain intact enveloped virions free of a major fraction of cellular material. The concentration and partial purifiction of EHV-I by differential precipitation with ammonium sulphate represented a modification of a method described by Graham et aL (1972) and Borgen & Ludwig (1974) , which employed ammonium sulphate to precipitate HSV and EHV-I. Kemp et al. (1974) have previously noted the advantages of high salt-EDTA gradients in freeing EHV-I from firmly adherent cellular material, and in the present study, CsC1-EDTA gradients were similarly found to be valuable steps in the procedure. Finally, flotation of virus in a sucrose density gradient has previously been utilized in the purification of HSV (Spear & Roizman, ~972) .
It is important to note that CsC1 employed in flotation gradients described here was not observed to be deleterious to enveloped infectious virions. Most of the loss of infectious virus which occurred could be attributed to failure to collect upper and lower portions of virus bands in an attempt to minimize contamination. When entire virus bands were collected by dripping from the bottoms of centrifuge tubes, greater than 9o ~o of virus applied to the gradients was regularly recovered. In addition, purified virus from gradients was routinely stored in CsC1 at 4 °C for as long as 6 weeks without significant reduction in infectivity. Similar results were obtained with optical grade and argentometric grade CsC1 (both from Gallard Schlesinger Chemical Mfg. Corp., N.Y., N.Y., U.S.A.) and Caesium Chloride, High Purity (Kawecki Berylco Industries, Revere, Pa., U.S.A.). Further, HSV type I has also been successfully purified using CsC1 flotation gradients (unpublished results). It was observed however, that when EHV-~ was layered on top of pre-formed 15 to 30 (w/w) CsC1 gradients and centrifuged into the gradients, less than ~o ~ of the virus applied to the gradients could be recovered. Similar low recoveries were obtained when EHV-I was centrifuged into dense gradients of both sucrose and potassium tartrate. Although the reasons for differences in recovery of infectious virus from the two types of gradients were not investigated, these observations suggest that CsC1 solutions per se are not harmful to herpesvirions as reported by Spring & Roizman 0967), but that physical stress exerted on the virus during centrifugation is responsible for virus inactivation. This possibility was also considered by Spring & Roizman (I967) . It is tempting to speculate that when herpesvirions are sedimented at high speeds into gradients of higher density than the virus envelope, centrifugal force tends to pull the more dense nucleocapsid from the envelope which floats at its lighter buoyant density.
To date, the purity of EHV-I obtained by the method presented here has not been evaluated with respect to lipids, nor have immunological procedures been employed to assess the purity of the virus. Although the virus appears to be free of cellular proteins and nucleic acids, a degree of caution is warranted until further analyses confirm the apparent high degree of purity observed. These studies were supported by a U.S.P.H.S. Research Grant from the National Institute of Allergy and Infectious Diseases. The electron microscopy was carried out by Steven K. Vernon, Wyeth Laboratories, Inc., Philadelphia, Pa., U.S.A.
